Abstract-Current in vitro models for tumor growth and metastasis are poor facsimiles of in vivo cancer physiology and thus, are not optimal for anti-cancer drug development. Three dimensional (3D) tissue organoid systems, which utilize human cells in a tailored microenvironment, have the potential to recapitulate in vivo conditions and address the drawbacks of current tissue culture dish 2D models. In this study, we created liver-based cell organoids in a rotating wall vessel bioreactor. The organoids were further inoculated with colon carcinoma cells in order to create liver-tumor organoids for in vitro modeling of liver metastasis. Immunofluorescent staining revealed notable phenotypic differences between tumor cells in 2D and inside the organoids. In 2D they displayed an epithelial phenotype, and only after transition to the organoids did the cells present with a mesenchymal phenotype. The cell surface marker expression results suggested that WNT pathway might be involved in the phenotypic changes observed between cells in 2D and organoid conditions, and may lead to changes in cell proliferation. Manipulating the WNT pathway with an agonist and antagonist showed significant changes in sensitivity to the anti-proliferative drug 5-fluoruracil. Collectively, the results show the potential of in vitro 3D liver-tumor organoids to serve as a model for metastasis growth and for testing the response of tumor cells to current and newly discovered drugs.
ABBREVIATIONS

5-FU
INTRODUCTION
Metastasis from the intestinal-colonic environment to the liver is a common occurrence in patients with colon carcinoma, leading to the 2nd highest number of cancer-related deaths in the U.S. This progression is a function of several phenomena, including (1) epithelial-to-mesenchymal transition (EMT), (2) dissociation of the tumorigenic cells from the host organ (colon) (3) intravasation into vascular circulation and (4) invasion into the 3D environment of the target tissue (liver). 33, 47 The cellular pathways and environmental influences linked to these phenomena represent important areas of exploration for understanding metastasis and identifying potential treatment targets. In metastatic colon carcinoma, death is not usually caused by the primary tumor, but by cancer metastases to other organs. Approximately 20% of patients have distant metastatic disease at the time of presentation, with the first site of hematogenous dissemination usually to the liver. Patients with hepatic metastatic disease from colorectal cancer have a poor prognosis, with 5-year survival rates below 5%. 56 Although years of cancer research have been devoted to studying EMT, research has been limited with respect to the subsequent stages of dissociation, invasion, and engraftment of metastases due to the inability to model metastasis in a controlled environment. Animal models allow only limited manipulation and study of these mechanisms, and are not necessarily predictive of results in humans. 51 On the other hand, in vitro methods, such as traditional 2D cultures, fail to recapitulate the 3D microenvironment of in vivo tissues. Drug diffusion kinetics vary dramatically, drug doses effective in 2D are often ineffective when scaled to patients, and cell-cell/cellmatrix interactions and other phenotype aspects are inaccurately modeled. 1, 11, 17 These limitations result in ''top level'' drug candidates reaching clinical trials and failing because they have not been tested in accurate human-based models. Recently developed 3D in vitro human metastasis models comprised of tumor cells, host tissue cells, and extracellular matrix (ECM) biomaterial-based 3D microenvironments represent a better solution.
Three-dimensional tissue constructs can be created by employing a variety of biofabrication techniques and biomaterials. Our laboratory has extensive experience working with a hydrogel comprised of thiolated hyaluronic acid (HA) and gelatin, crosslinked through disulfide bonding of thiols or polyethylene glycol diacrylate (PEGDA) linkages, which was originally developed by the Prestwich group. 39 These and other HA-derivatives have been extensively implemented in regenerative medicine applications in recent years, 8 and examples include wound healing of corneal lacerations, 26 embryonic stem cell expansion, 15 soft tissue engineering in vitro and in vivo, 12,21,39,40 tumor xenograft models, 22, 35, 38 bioprinting of cellularized tubular structures, 43, 44 and primary hepatocyte liver constructs. 45 We previously developed microcarrier beads using the HA materials described above, which were used to form tissue organoids under simulated microgravity culture in rotational wall vessel (RWV) bioreactors. 42 The RWV is an in vitro optimized suspension culture system in which cells are grown in a physiological low fluid-shear environment in 3D. 28, 31, 37 Rotation of the bioreactor results in a state commonly referred to as simulated microgravity, 50 in which the dynamic culture conditions of the RWV induce cells to aggregate based on natural cellular affinities, form 3D structures and acquire properties of highly differentiated cells. 3, 29, 50 To date, more than 50 RWV-derived tissue models have been engineered, including liver, neuronal tissue, cardiac muscle, cartilage, adipose tissue, and epithelial tissues of the lung, bladder, small intestine, colon, placenta and vagina. 9, 10, 13, 16, 18, 20, 27, 30, 36, 46, 54, 55 Cells cultured in the RWV are able to recapitulate in vivo 3D spatial organization and polarity, cellular differentiation, multi-cellular complexity, and functionality. The ease with which these organoids could be formed suggests that they may be adopted as a versatile system for creating large quantities of 3D tumor models for drug screening. Our overarching hypothesis is that the 3D environment surrounding tumor cells has an integral role in influencing their metastatic properties. Specifically, we believe 3D in vitro tissue constructs provide the appropriate tissue microenvironments to better mimic the environments in vivo inside of which cancer resides and progresses. Here we demonstrate the use of liverbased cell organoids formed within RWV simulated microgravity bioreactors that serve as host tissues in which colon carcinoma progression can be monitored, a more accurate metastatic phenotype can be achieved, and drug susceptibility and resistance can be manipulated for drug screening.
MATERIALS AND METHODS
2D Culture of HCT-116 Colon Carcinoma Cells
Human colon carcinoma cells [HCT-116, transfected previously with red fluorescent protein (RFP)] and human hepatoma cells (HepG2) were expanded in 2D on tissue culture plastic using 15 cm tissuetreated dishes until 90% confluence with Dulbecco's Minimum Essential Medium (DMEM, Sigma, St. Louis, MO), containing 10% fetal bovine serum (FBS, Hyclone, Logan, UT). Cells were detached from the substrate with Trypsin/EDTA (Hyclone) and resuspended in media before use in further studies.
Preparation of Hyaluronic Acid-Coated Microcarriers
HA hydrogel-coated microcarrier beads were prepared as previously described. 42 Briefly, crosslinked dextran Sephadex G-50 beads (GE Healthcare Biosciences, Uppsala, Sweden) were coated with a formulation of Extracel (ESI-BIO, Alameda, CA) without the PEGDA crosslinker. Specifically, the thiol-functionalized hyaluronic acid and thiol-functionalized gelatin were allowed to crosslink by disulfide bond formation. The hydrogel solution was prepared by dissolving Glycosil and Gelin-S (the HA and gelatin components, respectively) in water to make 2% w/v solutions, and then mixed in equal volumes. Sephadex beads (0.5 g) were added to a round bottom flask and the pressure was reduced in the flask using a vacuum. A valve was opened to allow 10 mL of the ungelled Extracel solution to flow into the flask. The reduced pressure environment allowed the aqueous hydrogel solution to be taken up into the pores of the beads. Excess liquid was removed, and the hydrogel solution was allowed to crosslink overnight in air by disulfide bond formation. The coated beads were then transferred to 50 mL centrifuge tubes, frozen, and lyophilized to yield the HA-coated microcarriers (HAMs).
Cell Seeding and Rotating Wall Vessel Bioreactor Culture of Liver-Based Organoids Containing Tumor Foci
Prior to cell culture, HAMs were sterilized in Ca 2+ and Mg 2+ -free PBS (HyClone, Logan, UT) by autoclaving at 115°C for 15 min. The sterilized beads were then stored at 4°C. Cell culture medium comprised of the DMEM described above with the addition of amphotericin B was used for all bioreactor culture studies. In preparation for seeding on HAMs, cells were initially cultured as described above. Trypsin-EDTA was used to free the cells from their substrate. Cells and HAMs in medium were added to a 50 mL RWV bioreactor (Synthecon, Houston, TX) to reach a final density of 80,000 cells/5 mg beads/mL medium with a ratio of 10:1 HEPG2 cells:HCT-116 cells. Rotation of the RWV bioreactors was started immediately and continued for 14 days. Medium was first changed on day 5 of culture in order to allow the cells to bind to the beads, after which medium was changed every 2nd day. The RWV bioreactors were set to initially rotate at 18 rpm; the rate of rotation was manually increased throughout culture to keep the clusters in ''freefall'' as they increased in size. Aliquots were removed on days 5, 8, 11, and 14 days postseeding. Aliquots were used to assess growth by cell proliferation through size quantification of light microscopy images (n of 10 or higher) and MTS proliferation assays (n of 4) quantified at 490 nm on a plate reader. In addition, composite images were taken in which the organoids were also imaged with epifluorescence at 594 nm to analyze the progression of the RFP-labled HCT-116 cells within the host liver organoids.
For initial 2D characterization, cells were seeded into 24-well plates as HCT-116 cells only, HEPG2 cells only, and a 1:1 coculture at a density of 20,000 cells per well in order to determine their relative proliferation rates. The plates were transferred to an incubator and cell proliferation was determined using MTS (Promega, Madison, WI) mitochondrial metabolism assays at day 1, day 4, and day 7 of culture. Media was changed on day 4.
Immunocytochemistry Characterization of HCT-116
Cells and HEPG2-HCT-116 Cocultures in 2D
To assess a selected panel of markers, HCT-116 cells were seeded into 4-chamber chamber slides at a density of 20,000 cells per chamber in DMEM. Additionally, HEPG2 cells and HCT-116 cells were seeded together at the same cell density in 10:1 ratio, mimicking the ratio in 3D. After 5 days, the cells were fixed with 4% PFA for 15 min and washed with PBS. Slides were stored in PBS at 4°C prior to immunocytochemical staining. HCT-116 cells were immunostained with antibodies against ZO-1 (a tight junction marker), b-catenin (a protein associated with E-cadherin-mediated cell-cell adhesions), and N-cadherin (associated with mesenchymal cells or metastatic cancer cells after an epithelial-to-mesenchymal transition 49 ). All incubations were carried out at room temperature. Antigen retrieval was performed with proteinase K (Dako, Carpinteria, CA) incubations for 5 min, followed by permeablization in 0.1% Triton-X in PBS for 5 min. Nonspecific blocking was performed with Dako Antibody Protein-Block, Serum-Free (Dako) for 30 min. Next, samples were incubated with primary antibodies for 1 h: ZO-1 (raised in rabbit, cat. # 61-7300, Invitrogen, Grand Island, NY), b-catenin (raised in rabbit, cat. # 71-2700, Invitrogen), and N-cadherin (raised in mouse, 610921, BD Biosciences, San Jose, CA). Each primary antibody was prepared in Dako Antibody Diluent at a 1:200 dilution. After incubation, samples were washed with 19 PBS three times. Samples were then incubated for 1 h with anti-rabbit or anti-mouse Alexa Fluor 488 secondary antibodies (Invitrogen) as appropriate in Dako Antibody Diluent (1:200 dilution). Cells were counterstained with DAPI for 5 min, and washed three times with 19 PBS prior to fluorescent imaging. Samples were imaged by epifluorescence using excitation band filters with central excitation wavelengths 380, 488, and 594 nm with a Leica DM 4000B upright microscope (Leica Microsystems, Buffalo Grove, IL). Negative controls were performed in parallel with the primary antibody incubations and included incubation with blocking solution in place of the primary antibody. No immunoreactivity was observed in the negative control sections using the same imaging conditions used for the experimental samples.
Immunohistochemical Characterization of Liver-Tumor Organoids
Aliquots of organoids removed from the RWV on day 14 were also assessed by immunohistochemistry (IHC) for specific epithelial, mesenchymal, and metastatic markers. Samples were processed for IHC in the same manner as normal animal tissues, but with a shorter fixation period. Briefly, organoids were fixed with 4% paraformaldehyde for 1 h, dehydrated with graded ethanol washes followed by xylene, embedded in paraffin, and sectioned at 5 lm.
For IHC, all incubations were carried out at room temperature unless otherwise stated. Slides were warmed at 60°C for 1 h to increase bonding to the slides. Antigen retrieval was performed on all slides and achieved with incubation in Proteinase K (Dako, Carpinteria, CA) for 5 min. Sections were permeabilized by incubation in 0.05% Triton-X for 5 min. Nonspecific antibody binding was blocked by incubation in Protein Block Solution (Abcam) for 15 min. Sections were incubated for 60 min in a humidified chamber with the primary ZO-1 (raised in rabbit, cat. # 61-7300, Invitrogen), b-catenin (raised in rabbit, cat. # 71-2700, Invitrogen), E-cadherin (raised in mouse, cat. # 610181, BD Biosciences), vinculin (raised in mouse, cat. # V9264, Sigma Aldrich), N-cadherin (raised in mouse, 610921, BD Biosciences), and matrix metalloproteinase 9 (MMP9, raised in rat, cat. # ab38898, Abcam), all at 1:200 dilutions in antibody diluent (Abcam).
Following primary incubation, slides were washed three times in PBS for 5 min. Samples were then incubated for 1 h with anti-rabbit, anti-mouse, or antirat Alexa Fluor 488 secondary antibodies (Invitrogen) as appropriate in antibody diluent (1:200 dilution). Cells were counterstained with DAPI for 5 min, and washed three times with 19 PBS prior to fluorescent imaging. Negative controls were performed in parallel with the primary antibody incubations and included incubation with blocking solution in place of the primary antibody. No immunoreactivity was observed in the negative control sections. Samples were imaged with fluorescence at 488, 594, and 380 nm with a Leica DM 4000B upright microscope.
WNT pathway modulation of proliferation
Next we employed 2 different drugs, BIO (6-bromoindirubin-3¢-oxime, Stemgent, Cambridge, MA) a WNT signaling agonist, and XAV939 (3,5,7,8- 
pyrimidin-4-one, Sigma Aldrich), a WNT signaling antagonist to manipulate the WNT/b-catenin pathway of the HCT-116 cells and evaluated their effects on 5-FU susceptibility and proliferation. We prepared and cultured several parallel batches of liver-tumor organoids in RWVs, using the methods described above. Beginning on day 5-the first media change after the cultures were established-and on days 8, 11, and 14 we removed aliquots of organoids for analysis of proliferation by MTS and we administered or replenished drug-free DMEM, DMEM containing 5 lM BIO, or DMEM containing 3.3 lM XAV939.
On day 14, additional aliquots were fixed IHC analysis of proliferative markers PCNA (proliferating cell nuclear antigen) and KI67. These organoids were fixed, processed and sectioned as described above. BIO and XAV939-treated organoid sections were stained for PCNA and KI67 to assess the incidence of co-localization of proliferative markers with the WNTmodulated RFP-labeled HCT-116 cells. IHC staining was performed as described above using primary PCNA (raised in rabbit, cat. # 07-2162, Millipore) or KI67 (raised in rabbit, cat. # ab15580, Abcam) antibodies, and secondary anti-rabbit Alexa Fluor 488 antibodies, all at 1:200 dilutions in antibody diluent. Cells were counterstained with DAPI for 5 min, and washed three times with 1X PBS prior to fluorescent imaging at 488, 594, and 380 nm.
5-FU Drug Administration and WNT Modulation
Organoids were prepared and cultured in the RWV as described above. On day 14, aliquots of organoids were removed from culture and transferred to nonadherent agarose-coated 24-well plates for 5-FU treatment at 0, 1, 10, and 100 mM concentrations in cell culture media. Following incubation for 24 h organoids were fixed, processed and sectioned as described above. Organoid sections were stained with caspase 3, an apoptotic marker, to assess the incidence of cell death and the efficiency of 5-FU to target the rapidly proliferating HCT-116 cells rather than the HepG2 host tissue. IHC staining was performed as described above using primary caspase 3 antibodies (raised in rabbit, cat. # ab18847, Abcam) and secondary anti-rabbit Alexa Fluor 488 antibodies, both at 1:100 dilutions in antibody diluent. Cells were counterstained with DAPI for 5 min, and washed three times with 19 PBS prior to epifluorescent imaging at 488, 594, and 380 nm, as described above. Correlation between caspase 3-positive cells and RFP-positive cells was determined quantitatively by cell counting blind to the experimental groups.
Lastly, aliquots of organoids treated with drug-free DMEM, DMEM containing 5 lM BIO, or DMEM containing 3.3 lM XAV939 from day 5 onward, were removed from culture and transferred to non-adherent agarose-coated 24-well plates for 5-FU treatment at 0, 1, 10, and 100 mM concentrations in cell culture media as described above. Following incubation for 24 h, relative mitochondrial metabolic levels were assessed by MTS.
Statistical Analysis
All quantitative results are presented as mean ± standard deviation (SD). Experiments were performed in triplicate or greater. Values were compared using Student's t test (2-tailed) with two sample unequal variance, and p < 0.05 or less was considered statistically significant.
RESULTS
Liver-Tumor Organoid Formation and Progression of Metastatic Tumor Foci
For this particular model, HepG2 hepatoma cells were chosen to act as a liver mimetic, since they have the ability to secrete measurable levels of albumin and urea, as well as metabolize some drugs through cytochrome p450 activity, 24 and we have cultured them successfully as spheroids in RWV cultures previously. 41 HCT-116 is a human metastatic colon carcinoma cell line used expensively to study metastasis in vitro and in vivo.
2,5,7 HCT-116 cells were engineered to express RFP in order to facilitate tracking of HCT-116 foci within the organoids. Three-dimensional cultures were initiated by combining HepG2 hepatoma cells and HCT-116 metastatic colon carcinoma cells in a 10:1 ration together with hyaluronic acid and gelatinbased microcarriers inside RWV bioreactors in a manner described previously. 42 These microcarriers provide a scaffolding surface for cell attachment, thus facilitating suspended culture of adherent cells in the RWV bioreactors.
Organoid formation and growth was documented on days 5, 8, 11, and 14 using a light microscope to observe aliquots removed from the RWV. Figure 1a shows evidence of organoids and clusters of organoids that have formed around some of the microcarriers. Over the 14-day time course, organoids and clusters grew in size, increasing in diameter over time, with statistically significant differences in size from one time point to the next (Fig. 1b, p < 0.05) . Additionally, MTS assays were used to measure relative mitochondrial metabolism at each time point, revealing an increase in metabolism that eventually stabilized after day 11 (Fig. 1c) . The metabolic rates measured on day 8 and day 11 were both significantly increased compared to day 5 (p < 0.05). Although not all microcarriers generated organoids, the unseeded microcarriers did not impede subsequent experiments or forms of analysis because they had no cell associated activities. Metabolic activity significantly increased (p < 0.05) from day 5 and day 8 to day 11. These data suggest that the increase in organoid size over time is likely due to both cell proliferation as well as fusion between individual organoids into irregular-shaped clusters of organoids.
Aliquots of organoids removed from the RWV at the same time points (days 5, 8, 11, and 14) , and images were prepared by merging light microscopy-captured organoid images together with fluorescent images highlighting only the RFP-labeled HCT-116 portions of the cultures (Fig. 1d) . On day 5, the tumor foci occupy a relatively unsubstantial percentage of the overall organoid volumes. However, the tumor foci rapidly expanded in size; eventually occupying a significant portion of the organoids, mirroring the distinct growth rates of the 2 cell types observed in 2D culture (not shown). These dynamic changes in size of the organoids, apparent size of the RFP-positive tumors within the organoids, and organoid metabolic rates suggest that these organoids are viable at time of imaging, which may allow future use of this model as a tool for real-time tumor tracking in vitro.
HCT-116 Colon Carcinoma Cells Show Different Patterns of Cell Surface Marker Expression in 2D and 3D Culture Conditions
To assess epithelial vs. mesenchymal phenotype in 2D, we stained HCT-116 cultures and HEPG2-HCT-116 cocultures with antibodies against ZO-1, b-catenin, and N-cadherin antibody. In HCT-116 only cultures, cells displayed clear staining of membrane-bound ZO-1 (Fig. 2a) , a tight junction marker, as well as membranebound b-catenin (Fig. 2b) , a protein associated with E-cadherin-mediated cell-cell adhesions. Notably, these proteins are generally localized to the cell membrane to facilitate cell-cell tight junctions and E-cadherin binding in cells presenting with epithelial phenotype.
14 Despite the epithelial origin of HCT-116 cells, these observations were surprising because these cells are widely considered as having undergone epithelial-to-mesenchymal transition in order to acquire more invasive and metastatic properties. In addition, we observed a lack of staining for a mesenchymal marker, N-cadherin (Fig. 2c) , in HCT-116 cells, further indicating that the cells appear to take on an epithelial phenotype rather than a mesenchymal phenotype in the 2D environment. To provide a direct comparison against the 3D organoids, containing HEPG2 and HCT-116 cells, 2D cocultures were stained for the same markers described above, showing the same phenotypes. Figures 2d and 2e show both cell types (HCT-116 cells are RFP-positive are indicated by red fluorescence, while HEPG2 cells are indicated by lack of red fluorescence) supporting the cell membrane-associated ZO-1 and b-catenin staining indicating evidence of epithelial phenotype. Furthermore, cocultures stained for N-cadherin were negative for the mesenchymal marker regardless of cell type (Fig. 2f) .
Next, we examined cell surface marker expression in HCT-116 cells in the 3D liver-tumor model. Despite the relatively small size of the organoids (400-600 lm in diameter on day 14), the organoids maintained a robust structure that facilitated the use of normal tissue processing methods such as dehydration, paraffin embedding, and sectioning by microtome.
We observed a remarkable difference in the phenotype of HCT-116 cells cultured as tumor foci within the organoids, compared to the HCT-116 cells cultured in tissue culture dishes 2D conditions. In these foci, ZO-1, b-catenin, E-cadherin, and vinculin, which are all involved in cell-cell interactions, shift location away from the cell membrane interfaces (Figs. 2g-2j) . The shift in cell-cell binding protein localization further support the possible EMT transition of HCT-116 cells within the 3D liver organoids. 14, 25 Importantly, the shift of b-catenin staining from the membrane into the cytoplasm and nucleus is common in EMT when the WNT/b-catenin pathway is activated, resulting in b-catenin traveling to the nucleus and acting as a transcription factor that can induce an invasive phenotype. 4, 6, 34, 48 In addition, we did not detect N-cadherin, a marker typically associated with mesenchymal phenotypes, 49 in HCT-116 cells in tissue culture dishes 2D conditions. In contrast, N-cadherin staining was observed in the tumor foci regions of the live-tumor organoids, co-localizing with HCT-116 cells (Fig. 2k ). An additional aspect of an invasive phenotype is the expression of matrix metalloproteinases to enzymatically degrade ECM components and facilitate cell migration. 19, 57 Immunostaining for MMP9 showed co-localization with RFP-labeled HCT116 cell tumor foci inside the organoids (Fig. 2l) . HepG2 cells within the liver-tumor organoids expressed the epithelial markers ZO-1, b-catenin, E-Cadherin, and vinculin, with the strongest visible signal at the cell membrane. Importantly, the HepG2 regions of the livertumor organoid didn't show N-cadherin and MMP 9 expression. Taken together these results support the hypothesis that the 3D liver organoid environmental support an invasive HCT-116 phenotype. 
WNT Pathway Manipulation Changes HCT-116 Cell
Response to Chemotherapy
The previous results ( Figs. 1 and 2 ) suggested involvement of the WNT pathway in HCT-116 proliferation. To test this hypothesis, liver-tumor organoids were initiated in the RWV system, and on day 5 one group (control) was administered standard media only (identical to previous conditions), a 2nd group was administered media containing the WNT pathway agonist, BIO (5 lM), and a 3rd group was administered media containing the WNT pathway antagonist, XAV939 (3.3 lM). Aliquots of organoids form the three groups were removed at 4 time points during the 14-day time-course and cell proliferation was measured using an MTS assay. Organoids in control media showed normal proliferation, whereas XAV939-treated organoids proliferated to a lesser extent (Fig. 3a) . In contrast, BIO-treated organoids did not proliferate over the 14-day time course (Fig. 3a) . A similar proliferation assay was performed 9in HCT-116 cells cultured in tissue culture dishes 2D conditions, showing virtually no difference in control and XAV939-treated cells; whereas, BIO-treated cells did not proliferate (Fig. 3b) . To further validate these results, we fixed organoids from the BIO and XAV939-treated groups on day 14 and stained them for markers of cell proliferation, PCNA and KI67. In BIO-treated organoids, we observed very few PCNA or KI67 staining of the liver-tumor organoids (Figs. 3c and 3d, respectively) , suggesting that BIO treatment inhibited both HCT-116 and HepG2 cell proliferation. Conversely, in XAV939-treated organoids, we observed co-localization of PCNA and KI67 staining with RFP-labeled HCT-116 cells (Figs. 3e and 3f, respectively) , indicating that the majority of proliferating cells are HCT-116.
The results described above (Fig. 3) suggested that the WNT pathway plays a role in modulating the proliferative activity of HCT-116 cells. We next tested the effects of WNT pathway manipulation on the response of the liver-tumor organoid to a cytotoxic drug, 5-FU. This drug is commonly used to treat colon carcinoma; it disrupts the synthesis of the pyrimidine thymidine and thus induces apoptosis in fast growing cells such as those found in cancer. 23, 53 Specifically, we were interested in the effects of 5-FU on the rapidly proliferating HCT-116 tumor foci vs. the more slowly dividing HepG2 cells inside the organoids, in order to test the liver-tumor organoid system as a model for drug candidate screening. Organoids cultured for 14 days in DMEM-only (control) were transferred to non-adherent well plates and incubated in the presence of four 5-FU concentrations (0, 1, 10, and 100 mM) in cell culture media for 24 h. Subsequently, the organoids were collected and stained for caspase 3, a marker of apoptosis. The results showed clearly that 1) caspase 3 staining generally increased in correlation with the increase in 5-FU concentrations (Figs. 4a-4d ), yet the correlation between caspase 3 staining and RFP-labeled HCT-116 was not as completely clear. Correlative data was formed using cell counts of RFPpositive cells and caspase 3-positive cells. Figure 4e shows an increase in the percentage of RFP-positive cells that also stained positive for caspase 3, indicating an increase in apoptosis of HCT-116 cells as the 5-FU concentration increased. In general, these percentages were all significantly different when compared in pairs (p < 0.05), with the exception of 0 mM vs. 1 mM, and 10 mM vs 100 mM, which were not statistically significant from one another. Next, we calculated the percentage of cells that stained positive for caspase 3 that also were RFP-positive. This data would determine how accurate 5-FU was at targeting tumor cells vs. the HepG2 population (Fig. 4f) . Interestingly, we observed a high percentage of correlation (near 100%) in the lower concentrations (1 and 10 mM), indicating good specificity. However, at 100 mM 5-FU, we observed approximately 50% accuracy, significantly lower than the other three groups (p < 0.05), indicating that the effects of 5-FU ''spilled over'' into the HepG2 population, likely due to the toxic nature of the drug at such a high concentration.
Next, to evaluate the effects of the WNT pathway manipulation on 5-FU sensitivity, we cultured organoids for 5 days in DMEM only (control), DMEM containing BIO, or DMEM containing XAV939, and subsequently exposed them for 24 h to increasing doses of 5-FU (0, 1, 10, and 100) (Fig. 4g) . Measurements of mitochondrial metabolism in control organoids (without pre-treatment), using an MTS assay, showed a decrease in metabolism with an increase in 5-FU concentrations, as expected from the results in Figs. 4a-4d . In comparison, when performed in 2D, both with HCT-only cultures or HEPG2-HCT-116 cocultures, 5-FU elicits an initial dose dependent decrease in metabolic activity. However, at 10 mM 5-FU and above, dose dependence seems to be lost and the metabolic response plateaus (Fig. 4h) . Organoids pre-treated with WNT agonist BIO showed little to no decreases in mitochondrial metabolism at increasing 5-FU concentrations. In contrast, pre-treatment with WNT antagonist XAV939 resulted in an increased sensitivity to 5-FU, compared with control organoids. These results suggest that WNT pathway inhibition, which permits HCT-116 proliferation, may cause an increased sensitivity to chemotherapeutic drugs, such as 5-FU. In contrast WNT pathway activation, which inhibits HCT-116 proliferation, may cause resistance to 5-FU in the liver-tumor organoid model.
DISCUSSION
Three-dimensional tissue models have been explored in recent years, and despite a few exceptions, 52 most fail to incorporate a key component of most cancers-the host tissue in which the tumor resides or metastasizes to. In the current study, we have developed a liver-tumor organoid system, in which HepG2 hepatocyte-like cells and metastatic HCT-116 colon carcinoma cells were cultured in RWV bioreactors with hyaluronic acid and gelatin microcarrier beads to give rise to liver tissue organoids containing fluorescent colon carcinoma tumor foci. This system builds on our previous microcarrier and RWV bioreactor technology, which has successfully supported initiation and growth of cell aggregates of other tissue types. 42 HCT-116 cells cultured in traditional 2D settings appeared epithelial, and expressing tight junction markers such as the ZO-1 and b-catenin at the cell membrane. In addition, the cells did not express N-cadherin, which is commonly associated with mesenchymal cell phenotype. This epithelial phenotype is simply not an accurate representation of a metastatic tumor cell, and if employed in drug-screening applications could potentially result in outcomes that do not translate to humans. In contrast, when HCT-116 cells were grown as tumor foci inside the liver organoids, they showed a phenotype indicative of cells having undergone EMT. HCT-116 regions of the organoids showed weak expression of ZO-1, E-cadherin, and vinculin, yet showed cytoplasmic expression of b-catenin, as well as, expression of N-cadherin and MMP-9, suggesting a switch to a mesenchymal, mobile, and metastatic phenotype that is more similar to colon carcinoma metastases in vivo. These characteristics suggest that this 3D liver-tumor organoid model may serve as a better model of metastatic tumors compared with traditional 2D cell cultures.
The liver-tumor organoids showed increased growth and metabolism, indicating ongoing cell proliferation. HCT-116 tumor foci within the organoids were largely the proliferative component in the cultures. Accumulation of b-catenin in the cytoplasm and nuclei of HCT-116 cells in 3D is often associated with WNT pathway activation, and subsequently initiation of EMT and cancer cell invasiveness, motility, and proliferation. Manipulation of the WNT pathway with an agonist (BIO) inhibited cell proliferation while the antagonist (XAV939) permitted cell proliferation, indicating that the WNT pathway has a role in HCT-116 proliferation. Indeed, activation of the Frizzled-7 receptor by the WNT pathway ligand Wnt11 has been shown to be influential in modulating HCT-116 cell proliferation and migration in vitro, and Wnt11 mRNA expression was determined to be significantly higher than baseline levels in patients with recurring colorectal tumors or inpatients that had died after surgical interventions. 32 One goal of this study was to develop a system that was simple to adapt to drug screening studies. The cost of bringing a pharmaceutical product to market increases dramatically after the initial research and development when moved into human clinical trials. The tests on which early go/no-go decisions are made for progression into clinical trials are primarily based on pre-clinical animal models and 2D cell cultures, which often fail to provide accurate predictions of how drugs will behave when transitioned to humans. 51 As such, there are growing needs and opportunities for in vitro models comprised of human cells that can recapitulate human tissues more accurately. 1, 11, 17 Therefore, we performed drug screens with a range of 5-FU concentrations with the organoids, noting a dose dependent decrease in organoid metabolism and increased apoptosis inside the HCT-116 tumor foci with increasing 5-FU concentrations. Although at high 5-FU concentrations, we observed a negative impact on the surrounding HepG2 organoid tissue. Since the mechanism of action of 5-FU is through DNA replication interruption, we hypothesized that manipulation of WNT signaling and subsequent changes in proliferative activity would influence the efficacy of 5-FU treatments. We were able to demonstrate that (1) WNT pathway activation via BIO effectively induced resistance to 5-FU, and conversely, (2) WNT pathway inhibition via XAV939 induced increased drug sensitivity to 5-FU. These results may have potential implications for development of more effective anticancer treatments. Inhibition of the WNT pathway can increase cell proliferation and increase tumor cell sensitivity to anti-proliferative drugs such as 5-FU. On the other hand, activating the WNT pathway can produce a tumor model of drug resistance, thus creating a testing platform with which new therapeutics can be screened.
With an ever increasing need for improved testing models for more efficient drug development and screening, the liver-tumor organoid system presented here has the potential to provide researchers with a set of tools that can streamline the pharmaceutical pipeline. An additional area of exploration that will become important after initial drug compound screening is understanding the effects of potential drug candidates on the normal host tissue surrounding the tumor foci. Many chemotherapeutic agents are toxic to healthy tissues and the incorporation of host tissue in our liver-tumor organoid system allows study of these concerns, as we have begun to demonstrate in the drug toxicity experiments. We also envision adaptation of this in vitro metastasis model to other tissue types, which will allow extensive investigation of many cancer varieties and exploration of the complex mechanisms at play during metastasis, and ultimately providing a powerful platform for use in future drug screening, toxicology studies, and personalized medicine.
